(fifty-four homolog), ffs, and ftsY, respectively, are essential for viability in E. coli (Brown and Fournier, 1984; and Harris D. Bernstein Phillips and Silhavy, 1992; Luirink et al., 1994) . 4.5S RNA Genetics and Biochemistry Branch is much smaller than eukaryotic SRP RNA and appears National Institute of Diabetes and Digestive to be the counterpart of the domain that binds SRP54 and Kidney Diseases Struck et al., 1988) . As predicted National Institutes of Health from the sequence homologies, Ffh and 4.5S RNA form Bethesda, Maryland 20892 a complex in vivo Ribes et al., 1990). Furthermore, functional parallels between the SRP pathway in prokaryotes and eukaryotes have been observed.
Results
As a prerequisite to screening for genes that produce a Slo phenotype, we needed to determine the level of Ffh that limits cell growth. For this purpose, we constructed A Method to Identify SRP Substrates in E. coli Based on previous studies and on an analogy to eukarystrains in which the Ffh gene is present in single copy either on a lambda prophage (HDB29) or a bacterial otic SRP, we considered it likely that E. coli SRP recognizes a specific set of nascent polypeptide substrates.
artificial chromosome (HDB45), and is under the control of the regulatable trc promoter. When cultures were In an effort to identify these substrates, we developed a genetic screen based on the principle of synthetic supplemented with 10 M IPTG, HDB45 grew as well in LB broth and produced approximately as much Ffh as lethality. We reasoned that when SRP is in excess, overproduction of a gene encoding a substrate might have the parent strain MC4100 ( Figure 1A , triangles and circles; Figure 1B , lanes 2 and 3). When IPTG was omitted little or no effect on cell growth, but that under conditions where SRP is limiting, overexpression of that gene might from the cultures, and the only expression was due to incomplete repression, HDB45 contained about onereduce viability by preventing SRP from binding to substrates that perform essential functions. Genes that proeighth as much Ffh as MC4100 ( Figure 1B , lanes 1 and 3). This reduction in Ffh caused a modest growth defect duce synthetic lethality upon overexpression (a "Slo" phenotype) in cells with limiting SRP activity can also that was reflected in a slightly longer lag before reaching the logarithmic phase of growth in liquid culture (Figure be considered to increase the minimal amount of SRP required for viability. Genes that produce this phenotype 1A, squares) and in the production of discernably smaller colonies ( Figure 1C , top sectors). Identical results were might fall into several different categories. Whereas one group may encode substrates, another may encode facobtained with HDB29 (data not shown). Based on these data, we used no IPTG and 10 M IPTG, respectively, tors that interact with SRP in other ways, e.g. as receptors. These factors might sequester the particle or interto direct the synthesis of growth-limiting and excess (wild-type) amounts of Ffh. fere with its function when overexpressed. Genes that affect the utilization of the SRP pathway indirectly might
To identify genes that produce a Slo phenotype, we amplified restriction fragments of E. coli genomic DNA also be expected to produce a Slo phenotype. by cloning them into pBR322-based multicopy plas-RNA-limited HDB61, as illustrated in Figure 1D . These results validate the strategy of manipulating Ffh levels mids, transformed strain HDB45, and plated the cells on LB agar containing 10 M IPTG. We then replicaas a means of identifying genes that increase the SRP requirement. plated the colonies that arose onto LB agar containing either 10 M IPTG or no IPTG, and screened for colonies
To identify the cloned fragments rapidly, we took advantage of the fact that the DNA sequence of most of that grew only in the presence of inducer. Plasmids that appeared to produce the desired phenotype were the E. coli genome has been reported. The sequences of the ends of each genomic insert were determined isolated and retested. Neither the bla gene, which was used as a selectable marker in all experiments, nor the and matched with entries in GenBank. Genes that were responsible for producing the Slo phenotype in each tetracycline resistance gene present in pBR322 affected the growth of HDB45 under conditions of limiting Ffh, clone were identified by deletion analysis. The phenotype was mapped to an operon, rather than a single and therefore they did not interfere with the analysis (data not shown).
gene, in a few cases where genes encoding proteins that form a complex or that have closely related functions Plasmids isolated by this method could be divided into two groups. Many of the plasmids permitted essenare coordinately expressed. After screening over 75,000 colonies, we estimate that only ‫%1-%5.0ف‬ of all E. coli tially no growth in the absence of IPTG. HDB45 containing these plasmids (designated "class I") had at least genes produce a Slo phenotype in HDB45 when amplified on pBR322-based plasmids (data not shown). a 100-fold lower plating efficiency on LB plates lacking inducer than on plates containing 10 M IPTG. The
Based on the hypothesis that the membrane-targeting function of SRP is conserved, only the genes that we growth properties of HDB45 containing three different class I plasmids (E140, S215, and S312) are illustrated considered most likely to encode substrates or proteins that interact with SRP are discussed in this report. Genes in Figure 1C ; the growth of cells containing the plasmid vector pHDB3 is shown for comparison. Some plasmids that produce a Slo phenotype but that encode cytoplasmic or peripheral membrane proteins will be de-(designated "class II") produced a less severe phenotype: no reduction in plating efficiency was observed in scribed elsewhere. These genes may increase the SRP requirement by several different mechanisms. the absence of IPTG, but only very small colonies were produced.
We wished next to determine whether the same phenotypes would be observed in a strain in which the level Genes Encoding IMPs and FtsY Produce a Slo Phenotype of the RNA component of E. coli SRP can be regulated. For these experiments, we used a strain in which expresGenes that encode polytopic IMPs were found to be responsible for the Slo phenotype in eight clones (Table  sion of ffs is under the control of the trc promoter (HDB61). In this strain, wild-type growth rates are main-1). All of these proteins contain multiple membranespanning domains, but otherwise do not have any obvitained by the addition of 100 M IPTG and slightly limited in the presence of 40 M IPTG (see Figure 1D , top secous structural or functional features in common. Like most IMPs, these proteins do not contain cleaved tors). We transformed eight different plasmids into HDB61 and then examined growth of the cells under N-terminal signal sequences, but instead use internal membrane-spanning domains as targeting signals. Our these conditions. The phenotype observed in HDB45 was consistently reproduced in HDB61. Three class I data together with published results suggest that the class II phenotype of lctP and cdsA/yaeL correlates with plasmids that prevented the growth of HDB45 containing limiting amounts of Ffh were also lethal in 4.5S a low level of expression (data not shown; Icho et al., 1985). Thus, the weak phenotype may be due to a relathey were divided in half, IPTG was added to one portion to induce expression of the plasmid-borne ftsY alleles, tively modest competition with other SRP substrates. Interestingly, genes encoding several other IMPs (as and incubation was continued for 40 min (which was less than a single generation time of 60 min) to allow well as exported proteins) were contained on DNA fragments isolated in the screen but did not produce a Slo accumulation of FtsY (Figure 2A) . A pulse-chase labeling was performed, spheroplasts were treated with protephenotype (Table 1 ). Either published data or results of our experiments suggest that all of these genes are ase, and both the released AP and any intact fusion protein that remained in the cytoplasm were immunoexpressed under the conditions of our assay. In an independent experiment, we found that plasmids containing precipitated with an anti-AP antiserum.
Using this assay, we found that disruption of the SRP the regulatable IMP genes mtlA and malF/G did not produce a Slo phenotype in the presence of inducer pathway strongly inhibited the insertion of all three IMPs. A significant fraction of the pulse-labeled LctP 426-AP (Table 1) .
Another gene that produced a Slo phenotype was ftsY fusion protein was protease-protected in spheroplasts containing mutant FtsY protein ( Figure 2B , lane 7). Ap-( Table 1 , legend). The isolation of this gene in our screen supports biochemical data that FtsY acts as the SRP proximately 40% of the labeled protein was still retained in the cytoplasm following a 5 min chase period (Figure receptor in E. coli. Moreover, the isolation of ftsY suggested the validity of our method as a means of identi-2B, lane 8). In contrast, all of the AP was accessible to protease when IPTG was omitted or when only wildfying genes that interact with SRP.
type FtsY was synthesized, indicating that membrane insertion of the fusion protein was completely effective
Inhibition of the SRP Pathway Blocks the Insertion of IMPs Encoded by Genes That Produce
under these conditions ( Figure 2B , lanes 1-6). The insertion of pulse-labeled AcrB 576-AP was also blocked by a Slo Phenotype If IMPs identified in our screen are SRP substrates, then the overproduction of mutant FtsY protein ( Figure 2C , lane 7), and about 40% of the labeled fusion protein their insertion into the cytoplasmic membrane should be blocked by inhibition of the SRP pathway. Given that was still resistant to digestion after the chase ( Figure  2C , lane 8). In this experiment, no AP was immunoprea functional GTPase is required for the activity of the mammalian SRP receptor ␣ subunit (Rapiejko and Gilcipitated from pulse-labeled spheroplasts that did not overproduce mutant FtsY, presumably because the 30 more, 1992), we expected that overproduction of some FtsY mutants that have a defective GTPase would rapsec pulse-labeling period was insufficient for newly synthesized molecules to be inserted into the membrane idly inhibit SRP-dependent protein targeting and produce a dominant lethal phenotype. GTPase mutants and to acquire completely folded AP domains ( Figure  2C , lanes 1, 3, and 5). Finally, a significant portion of the were obtained by site-directed mutagenesis and cloned into the inducible expression vector pTRC99a. We found pulse-labeled KgtP 275-AP fusion protein was protease protected when the mutant ftsY allele was expressed that under conditions where overexpression of wild-type ftsY did not affect cell growth, overexpression of an ftsY ( Figure 2D , lane 4). This protein was inserted efficiently allele containing a glycine-to-alanine mutation in the highly conserved DXXG motif (Bourne et al., 1991) ftsY(G385A). When cultures reached mid-log phase, Figure 2C . In (C), MC4100 was transformed with a plasmid containing MdoG 401-AP and pTRCftsY(G385A). Cells were radiolabeled 40 min after IPTG addition and the fusion protein was immunoprecipitated with an antiserum against AP. In lane 1, 2 mM sodium azide (NaN3) was added to cells 2 min prior to pulse-labeling. IPTG was added to the cells in lanes 4-5. The length of the chase is indicated. Precursor (p) and mature (m) forms are shown. An 8% SDS-polyacylamide gel was used in (C).
in the experiments described above, except that the portion of each sample that was not treated with protease was used (see Experimental Procedures). Addition of sodium azide, an inhibitor of SecA function that is known to interfere with protein export (Oliver et al., encoding the periplasmic protein MdoG was contained on a fragment isolated in the Slo screen, but another gene, mdoH, was shown to produce the phenotype. To examine the transport of this protein, an AP fusion was into the membrane and folded rapidly under other conditions ( Figure 2D, lanes 1-3) . It was not possible to assess generated to provide an epitope tag. A plasmid containing this fusion protein did not produce a Slo phenothe fate of the KgtP 275-AP fusion protein following a chase period, because very soon after insertion it type in HDB29 ( Table 2) . Export of the protein was analyzed by immunoprecipitation of the MdoG 401-AP acquired a form in which the AP fusion joint became protease resistant.
fusion from labeled MC4100 transformed with pTRCftsY(G385A). Whereas sodium azide partially blocked We next examined the export of proteins that have been studied previously after disruption of the SRP paththe translocation of the fusion protein ( Figure 3C , lane 1), overproduction of the mutant FtsY protein had no way. If the IMP-insertion defects that we observed were specific and not due to a general block of protein transeffect ( Figure 3C , lanes 4 and 5). Taken together with the results described above, these data suggest that port resulting from the synthesis of either FtsY G385A or the AP fusion proteins, then we expected to find little overexpression of ftsY G385A does not measurably affect the transport of many exported proteins. or no impairment of OmpA and ribose binding protein (RBP) export. These two proteins were immunoprecipiTo confirm that the translocation defects observed after overproduction of the mutant FtsY protein were tated from the radiolabeled cells that were generated due to inhibition of the SRP pathway, we examined the insertion of AP fusions upon depletion of Ffh. In these experiments, we used a strain in which ffh expression is under control of an arabinose-inducible promoter (WAM113). Transcription from this promoter can be tightly repressed, and WAM113 cells die in the absence of inducer (Phillips and Silhavy, 1992) . Insertion of the AP fusions was analyzed in pulse-chase labeling experiments after the cells had grown for five to six generations in the absence of arabinose. This time point was chosen because no growth defects due to the depletion of Ffh could be observed ( Figure 5A, arrow) . In the presence of arabinose, KgtP 275-AP and AcrB 576-AP were inserted efficiently into the membrane ( Figure 5B , lane 1; Figure  5C lanes 1 and 2) . In the absence of arabinose, the insertion of both AP fusions was blocked, as indicated by the protection of a significant fraction of the molecules from protease digestion ( Figure 5B , lane 3; Figure  5C , lane 4). As observed in cells that overexpress ftsY G385A, depletion of Ffh did not affect the translocation 
Inhibition of the SRP Pathway Does Not Affect the Insertion of All IMPs Equally
Discussion The observation that genes encoding some IMPs do not produce a Slo phenotype raised the possibility that IMPs
In this report, we describe the use of a novel genetic approach to elucidate the function of an essential SRPthat are superficially similar in structure may vary in their dependence on the SRP pathway for insertion into the like particle in E. coli. Although it might be expected that the protein targeting function of SRP is evolutionarily inner membrane. Like the full-length parent proteins, plasmids expressing periplasmic AP fusions to MalF, conserved, previous attempts to identify SRP substrates by examining the translocation of a limited set of model MtlA, and YadQ did not produce a Slo phenotype (Table  2) . Although the tsr gene, which encodes a chemotactic proteins yielded ambiguous results. For this reason, we developed a method that would allow us to make as receptor, was not tested in the genetic assay, an AP fusion also did not produce a Slo phenotype. few assumptions as possible about the nature of the substrates. We conducted a genome-wide screen Membrane insertion of these AP fusions was blocked only modestly or not affected by overexpression of ftsY based on the idea that when SRP is limiting, the overexpression of a single substrate may further reduce its G385A or depletion of Ffh. The insertion of YadQ 332-AP, MalF 350-AP, and MalF 472-AP was slightly impaired by availability and consequently be lethal. Although overexpression of many genes can be toxic in itself, the obserthe synthesis of mutant FtsY in MC4100, as reflected by the protease resistance of a portion of the pulsevation that relatively few genes produced a Slo phenotype in SRP-limited cells suggests that the method is labeled fusion protein, and approximately 10%-15% of the labeled molecules following a 5 min chase (Figures selective. Moreover, because it was predicted that factors that interact with SRP other than substrates might 4A-4C, see lanes 7 and 8). These insertion defects were smaller than those observed in cells containing AP fualso be identified by this method, the isolation of a gene encoding an SRP receptor homolog (ftsY) confirmed the sions that produced a Slo phenotype (see Figure 2) . A portion of the pulse-labeled YadQ 332-AP fusion protein utility of the approach. was protease protected in WAM113 upon depletion of Ffh ( Figure 5D , lane 3), but less of the protein (about SRP-Dependent Targeting in E. coli We found that the Slo screen enabled us to identify 10%) remained resistant to protease digestion following the chase ( Figure 5D, lane 4) . This result is consistent accurately proteins that require SRP for their proper localization. Based on the results of the screen, we with the notion that alternative targeting mechanisms can largely compensate for the absence of SRP to prochose to examine the transport of three polytopic IMPs into the cytoplasmic membrane. Disruption of the SRP mote the insertion of YadQ. The overexpression of ftsY G385A did not discernably affect the insertion of either pathway strongly blocked the insertion of all three proteins. Based on the results of the Slo screen, proteins MtlA 310-AP or Tsr 164-AP ( Figures 4D and 4E) , and the depletion of Ffh did not affect the insertion of MtlA 310-that play essential roles in cell physiology (i.e., CdsA, PgsA, and FtsE/X) are also expected to require SRP AP ( Figure 5E ). for their membrane insertion. Although this prediction has been reported to inhibit export of several proteins slightly and Bla more severely (Phillips and Silhavy, remains to be tested directly, it may explain why SRP 1992; Luirink et al., 1994) , our results suggest that these is required for cell viability and has been conserved effects may be an indirect consequence of the long throughout evolution. Given that mutations in ftsE/X incubation periods that followed the removal of inducer. block cell division, isolation of this operon in the Slo An SRP-based strict cotranslational targeting of exscreen may also help to explain the observation that ported proteins may not be required in bacteria because disruption of the SRP pathway leads to filamentation the translocation machinery may be adapted to accomo- Phillips and Silhavy, 1992; date a wide range of fully synthesized proteins, provided al., 1994).
that they are loosely folded. Proteins such as AP that Whereas the membrane insertion of IMPs identified do not normally require chaperones for export may simin the Slo screen was highly dependent on SRP, the ply be transported more rapidly than they fold. Consisinsertion of several other polytopic IMPs surprisingly tent with this notion, conditions that slow the export of showed only slight or no SRP dependence. All of the AP have been observed to impose a chaperone depenIMPs that we tested are highly hydrophobic and are dence (Derman et al., 1993) . The indication that many expected to have a high propensity to misfold or aggrepreproteins can utilize alternative targeting mechanisms gate in solution. Presumably, those IMPs that exhibit effectively may explain why efforts to identify factors the greatest SRP dependence either cannot interact efrequired for protein export did not lead to the discovery fectively with other targeting factors or cannot be inof the E. coli SRP pathway. serted into the membrane posttranslationally. Given that Although the basic targeting function of SRP appears the biogenesis of a large polytopic protein may present to be conserved in both prokaryotes and eukaryotes, an inherently complex problem, the number of memthe relative utilization of the SRP targeting pathway in brane-spanning domains and the size of an IMP may each system may be quite different and may reflect play a role in determining SRP-dependence. The obserdifferent physiological constraints. In rapidly growing vation that the monotopic Tsr 164-AP fusion protein bacterial cells, the rate of protein export may be parashowed no SRP dependence, whereas two of the genes mount. If the rate of polypeptide synthesis is the rateisolated in the Slo screen are atypically large (Ͼ90 kDa), limiting step in export, then it may be advantageous to is consistent with this notion. Our data suggest, howutilize SRP-independent targeting mechanisms that can ever, that more subtle structural features may determine operate posttranslationally (Johnsson and Varshavsky, the degree to which many IMPs require SRP for their 1994). Our results do not exclude the possibility, howinsertion into the cytoplasmic membrane.
ever, that SRP-dependent and -independent targeting Considered together with previous results, our data mechanisms are partially redundant, and that under norsuggest that, unlike IMPs, many preproteins do not remal growth conditions SRP engages a fraction of exquire SRP for their proper localization. We found that ported and membrane proteins that can also utilize alterthe export of three proteins was completely unaffected native targeting pathways. Indeed, Ffh can interact with by inhibition of the SRP pathway. The translocation of signal sequences in vitro under certain conditions (LuirBla was delayed, but virtually all of the protein was ink et al., 1992; Bernstein et al. 1993; Valent et al., 1995) . translocated within a 5 min period. In a previous study, As in other organisms, E. coli SRP appears to recognize depletion of FtsY was shown to have no effect on the hydrophobic segments of nascent polypeptides. Differtranslocation of two additional proteins, OmpC and MBP ences in the translation, folding, and transport machineries, as well as the reduction in the size of SRP itself, (Luirink et al., 1994) . Although depletion of Ffh and FtsY
Plasmid and Phage Construction
however, may result in more efficient binding to long Plasmids pHDB2 and pHDB3 were constructed as described in hydrophobic membrane-spanning domains than to sig- The method that we have described to isolate SRP subcoding region was cloned into pTRC99a (Pharmacia). This plasmid strates in E. coli may be generally useful to identify was digested with BsaAI and HindIII, and the 3.1 kb product was molecules that interact with essential cellular factors.
inserted into pBAC108L using HindIII linkers. The 3.1 kb fragment
The principal requirement to conduct a Slo screen is that was also cloned into the HindIII site of D69. To obtain plasmid a growth-limiting condition be established. Although we pHDB5, an EcoRI-PstI fragment of pSN1 was met this prerequisite by direct regulation of gene exprescloned into pTRC99a, and the resulting plasmid was cut with BsaAI and HindIII. The 1.9 kb product was inserted into pBAC108L using sion, a recent study suggests that Slo screens might HindIII linkers. To generate the ftsY G385A mutation, an HpaI-NspI also be performed using cells that are growth-limited fragment containing the ftsY gene was obtained from lambda phage by mutations (Kroll et al., 1996) . As illustrated here, a 1B6 of an ordered phage library (Kohara et al., 1987) , and ligated Slo screen can help elucidate the function of a poorly together with an NspI-HindIII oligonucleotide adaptor into the understood essential factor by identifying proteins that M13mp18 polylinker. Site-directed mutagenesis was performed usinteract with it. Conversely, the method might also be ing the Sculptor mutagenesis kit (Amersham). EcoRI-HindIII fragments containing wild-type and mutant ftsY genes were then cloned useful to elucidate the function of a protein that is found into pTRC99a for expression studies. Plasmid pMal1 was produced to interact with a well-characterized essential molecule. ligation reactions were used to transform HDB45 directly. Cells were spread on LB agar plates containing ampicillin (100 g/ml) and IPTG (10 M). After incubation, the colonies that arose were replicated Experimental Procedures onto identical plates and plates containing no IPTG. Colonies that grew only on plates containing IPTG were isolated and retested to Bacterial Strains and Media The E. coli strains used in this study are listed in Table 3 . Basic eliminate possible artifacts. HDB45 was retransformed with potentially interesting plasmids. Automated sequencing of the ends of bacterial manipulations and media preparation were performed as described in Miller (1992) . All experiments were conducted at 37ЊC. the DNA inserts was performed using an ABI PRISM sequencing kit Catharine Lee, respectively. Except where noted, immunoprecipitated proteins were resolved by electrophoresis on 8%-16% SDS-DNA inserts were aligned with GenBank entries using the BLAST program (Altschul et al., 1990) . To identify the gene responsible for PAGE minigels (Novex) and visualized using a Fuji BAS2000 phosphorimager. the Slo phenotype, individual clones were subjected to a rigorous deletion analysis that included removal of truncated genes.
The letter preceding the number of each clone indicates that it Western Blotting was obtained from HindIII, EcoRI, or Sau3AI libraries, respectively.
Aliquots were removed from bacterial cultures as appropriate, and Plasmids numbered S1-S199 contain unselected DNA fragments proteins were precipitated with 10% TCA. TCA pellets were discloned into pHDB2; from S200-S299 contain unselected DNA fragsolved in buffer A lacking DTT, and protein concentrations were ments cloned into pHDB3; from S300-S399 contain size-selected determined using the BCA assay (Pierce). The protein concentration DNA fragments cloned into pHDB3. For clones in which IMP genes in each sample was normalized, DTT was added, and aliquots were produced the Slo phenotype, the GenBank/EMBL accession numelectrophoresed as described above. Western blotting was perbers of the DNA insert are as follows: E140 (X90754, bp 1437-formed essentially as described (Harlow and Lane, 1988 ). An affinity-X64197, bp 3870); H10 (X04398, bp 1-4480); S5 (M12299, bp 625-purified rabbit antiserum against Ffh has been described (Bernstein X03691, bp 3970); S210 (D90713, bp 2159-9127); S215 (U00734, et al., 1993 ). An affinity-purified antiserum against an FtsY fusion bp 395-5449); S305 (L13970, bp 1414-4842); S312 (M58699, bp protein (Miller et al., 1994) was produced in an analogous manner. 1595-X53027, bp Ͼ1560); and S319 (D83536, bp 3980-7298). The 35 S-protein A (Amersham) was used for detection of the primary insert in S312 extends ‫008ف‬ bp into an unsequenced region of the antibody. genome.
